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Abstract
The addition of arenesulfenyl chlorides to quadricyclene
has been investigated. These reactions are rapid, exothermic and
yield primairly three isomers. Two of the isomers (type I and
type II structures) have the norbornene and nortricyclene carbon
skeletons respectively. The structure of the nortricyclene isomer
has been thoroughly established with a wide variety of techniques
including 2D NMR. It has been found that a bridged sulfonium ion
is not an important product precurser in these electrophilic
addition reactions. In a attempt to force the formation of a
bridged ion, preliminary studies using arenesulfenyl chlorides in
which the aromatic ring contains electron-donating groups have
been carried out. The results of these reactions suggest that the
amount of bridged ion precurser present is minor at best. Studies
of the ratio of isomers I to I I to I 1 1 reveal complex patterns, and
suggest conclusions about kinetic control. In summary, a
significant niche in mechanistic theory has been established, but
more exploration would be necessary to induce bridged ion
formation and to completely establish all the caveats of this
process.
Introduction
It is well known that the cyclopropane ring system exhibits
"7c-like"
character. Therefore, similar to the alkene 71-system, the
cyclopropane ring can undergoe electrophilic addition
reactions.1
5 The strain energy of the cyclopropane ring is 27.5
kcal/mol6 and
serves as a driving force for these reactions. Some of the more
common addition reactions of cyclopropane, including those
initiated by an electrophile, are as shown in Scheme I.
Scheme I
Hydrogenation
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Further evidence of cyclopropane's "71-like" character has
been demonstrated spectroscopically.7 The far ultra-violet
absorption spectrum begins at wavelengths longer than those
which normal carbon-to-carbon sigma single bond electrons
absorb; that is, the spectrum is continuous and has a maximum
below 195 nm. The fact that these results may be caused by more
weakly bound electrons in this system compared to normal
carbon-carbon single bonds, makes it of interest to study
molecules containing cyclopropyl groups joined to the C=C or C=0
functional groups inorder to see if results consistent with
conjugation appear.
Conjugation results in a bathochromic shift to the k-% and
nV transitions with a hyperchromic effect. That is, the
absorptions shift to longer wavelengths with increased intensity.
Heathcock and Poulter8 measured the U.V. spectra of sixteen
cyclopropyl olefins and eight simple olefins. It was found that the
cyclopropyl group caused a bathochromic shift from 8.0 nm to
*
greater than 15 nm relative to the tc-tc transition of the
corresponding alkene. An example is illustrated in Figure 1.
X^12 nm l09
189.0 3.99
198.0 4.10
Figure 1. U. V. absorption data for 2-isopropyl-3-methyl-2-
butene and 2-cyclopropyl-3-methyl-2-butene.8
This suggests that the cyclopropyl system is able to
conjugate with the k system of the olefin.
Barstiansen and Hassel9 carried out electron diffraction
studies on cyclopropane and found the HCH bond angle to be 118.2
2 with a C-H bond length of 1.08 A. This implies that the
carbon atoms of cyclopropane are
sp2 hybridized.
Further evidence that supports the sp2 hybridization of
carbon in cyclopropane is provided by the dipole moment of
cyclopropyl chloride which is 1.75 D,10,11 0.3 D less than the
value of isopropyl chloride. The ring strain of cyclopropane
accounts for the weakly bound a electrons which are polarizable.
This, coupled with the inductive effect of chlorine, should cause a
dipole moment as large or larger than the strain free analog,
isopropyl chloride. However, the lower dipole moment value can
be explained by a model of cyclopropane in which the carbon
atoms are sp2 hybridized as opposed to sp^ hybridized and hence
have a higher electronegativity. Also, derealization of the lone
pair electrons of chlorine contributes to the lower value.
To explain these observations, A.D. Walsh proposed what is
now called the Walsh orbital model of the ring in
cyclopropane.12'13 This model suggests that each carbon has an
sp2 hybridized orbital pointing toward the center of the ring and
two sp2 hybridized orbitals used in C-H bond formation. The
remaining p-orbital lies in the plane of the ring and accounts for
the n-nature of the ring. The energy profile is shown below in
Figure 2.
^r
A-
KB.
A
Figure 2. The Walsh molecular orbitals of the ring in
cyclopropane.12,13
The cyclopropane ring system is sometimes present in
bridged polycyclic compounds, such as tetracyclo[3.2.0.0.2'7 0.4'6]
heptane (quadricyclene) and its derivatives. Therefore, these
compounds undergo electrophilic addition reactions yielding
nortricyclene and often rearrangement products as well. The
driving force for these reactions is the ring strain relief of
~ 49 kcal/mole14that occurs going from quadricyclene to the
nortricyclene system. Some examples of these reactions are as
shown in Scheme II.15'16
Scheme II
HCI
rearrangement products
co2h
It is well known that arenesulfenyl halides add to alkenes.
This is also an electrophilic addition reaction and Kharasch et
al.,17-19 found that the addition of 2,4-dinitrobenzenesulfenyl
chloride to styrene and cyclohexene followed second order
kinetics. Mueller and Butler20 found that the addition of sulfenyl
chlorides (alkyl and aryl) to olefins is stereospecifically anti.
They also found that the additions yielded Markovnikov and anti-
Markovnikov products depending on the conditions. In these
additions, Markovnikov refers to the addition of the -SAr group to
the least substituted carbon of the double bond which gives the
most stable carbocation. Anti-Markovnikov refers to the addition
of the -SAr group to the most substituted carbon of the double
bond which gives the least stable carbocation. These points are
illustrated by the examples in Scheme III.
Scheme III
+ Cl-S-Ar
anti addition
iS-Ar
"""'/CI
Ar = 2,4-(N02)2C6H3 trans adduct
H H
>=<H ? Cl-S-Ar
Ar = 2,4-(N02)2C6H3
(Ph)CH(CI)CH2S-Ar
Markovnikov
CH2CI2
H2c=CHCH(CH3)2 + Cl-S-Ar
- CH2(CI)CH(S-Ar)CH(CH3)2
Ar = C6H5 anti- Markovnikov
The above results suggest that the addition of sulfenyl
halides, more specifically arenesulfenyl halides, to olefins
proceeds through a cyclic or bridged sulfonium ion.
bridged sulfonium ion
Arenesulfenyl halides are also found to add to quadricyclene
and its derivatives. These electrophilic addition reactions will be
addressed in the pages that follow.
Previously, it was mentioned that electrophilic addition
reactions to bridged polycyclic compounds often occur with
rearrangement. The most common type of rearrangement is called
Wagner-Meerwein rearrangement.21"23 Conventionally, this means
1,2-migration of a ring member in a bridged bicyclic system;
these are often exemplified in polycyclic terpenes. A classic
example of this rearrangement is the acid-catalyzed conversion
of isoborneol to camphene.24
H*
Isoborneol Camphene
This conversion (Scheme IV) consists of loss of water,
followed by Wagner-Meerwein rearrangement and finally loss of a
proton to form the product camphene
Scheme IV
non-classical carbocation
8
Winstein25 felt that the carbocation that results in these
systems was a non-classical carbocation with positive charge
delocalized by the carbon-carbon single bond. H.C. Brown26
disagreed with this proposal and felt that a classical carbocation
explained the results in these systems. In the classical
carbocation the positive charge is localized on one carbon atom.
This charge can be delocalized by an unshaired pair of electrons
through resonance or by a double or triple bond which is in the
allylic position. If the charge is delocalized by a double or triple
bond two carbons away, the classical carbocation is called a
homoallylic carbocation.
allyl cation homoallyl cation
When quadricyclene is treated with DCI,15 2,3-substituted
norbornene and 3,5-substituted nortricyclene isomers accounted
for 46-50% and 20-13% of the products respectively. However,
Wagner-Meerwein rearrangement also occurs and accounts for
34-37% of the products. The rearrangement products result from
electrophilic attack, followed by homoallylic rearrangement to
the norbomenyl system which undergoes Wagner-Meerwein
rearrangement followed by nucleophilic attack. A general reaction
is shown in Scheme V.
Scheme V
(1) homoallylic rearrangement
(2) Wagner-Meerwein rearrangement
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The work of Terence C. Morrill, Sumittada Malasanta, Karen
Maier Warren and Brian E. Greenwald27 involved treating the
diacid and dimethyl ester derivatives of quadricyclene with
benzenesulfenyl chloride (BSC) and p -toluenesulfenyl chloride
(p-TSC). These reactions were carried out to test for the
possible existence of a bridged sulfonium ion as the sole product
precurser. However, this electrophilic addition yielded two
nortricyclene isomers (land 2) in a 1:1 ratio.
co2r
Ar-S-CI
solvent, R.T. co2R
co2r
R = H/CH3
Ar = C6H5/p-CH3C6H4
solvent = dioxane/CH2CI2
co2r
co2r
1:2 = 1:1
A bridged ion (below) would give product 2 only.
%S-Ar
bridged ion
11
CI
2 only
The stereochemistry of the products, especially compound
1 , suggests that a bridged sulfonium ion as the sole intermediate
is not the case. The following intermediate was proposed:
co2r
5- 5+
C o S Ar
O-R CI
This clearly suggests that the substituent influences the
reaction stereochemistry. A similar intermediate has been shown
to be the case when HCI is added to the same substrate.
Nikolai S. Zefirov, N.K. Sadovaya, T.N. Velikokhat'ko, L.A.
Andreeva, and Terence C. Morrill28 showed that when
quadricyclene was treated with 2,4-dinitrobenzenesulfenyl
chloride (DNBSC) in the solvents CCI4, CH2CI2, and CH3COOH (in
some cases containing added LiCI04), electrophilic addition
occurred. When acetic acid was used as the solvent as many as
nine products were observed. The products follow with yields
(Table I) and a proposed mechanism.
12
+ Ar-S-CI
(DNBSC)
Ar= 2,4-(N02)2C6H3
OAC =OCCCH,
20 C
solvent
products
( as many as nine)
S-Ar
4 . X= CI
6 , X= OAc
5 , X= CI
7 , X= OAc
S-Ar OAc
AcO
1 0, W= Z= H, X= CI, Y= S-Ar
1 1
13
Table I. Preparative Yields of the Addition Products of
DNBSC to Quadricyclene28
product yields, %
solvents3 3 4 5 6 7 8 9 1011
CCI4 47 19
CH2CI2 35b 65b
CH3COOH 155 35 7 8 107 4
CH3COOH+LiCI04c 8d 9 trace 4 0 6e 18
a- All reactions at 20 C. b- Ratio by NMR. c- LiCI04/DNBSC ratio is
5:1 . d Yield of 3 ,4 , and 5 . e- Yield of 9 and 1 0.
The following mechanism has been proposed in Scheme VI.28
14
Scheme VI.
ion-pair
(with comer attachment of -SAr group)
S-Ar
This study shows that the cyclopropane ring is cleaved in
the reaction of DNBSC with quadricyclene providing product ratio
15
changes dependent upon solvent polarity. In the acetic acid case,
the polarity and nucleophilicity of the solvent influenced the
reaction. This resulted in loosening the ion pair and allowing
acetate ion to compete with chloride ion during the DNBSC
addition accounting for the formation of compounds 6 and 7.
Compounds 8 and 9 are a result of acetic acid addition to
quadricyclene which has been reported to occur readily.28 The
diadducts, compounds 9 and 1 0 are believed to result from acetic
acid addition followed by DNBSC addition. However, the study of 9
and 1 0 is not thorough.
The stereochemistry of the major products (3 and 5) along
with the results of the acetic acid and "doped" (LiCI04) acetic
acid runs support the ion-pair mechanism. That is, products 3 and
5 in which the chlorines are in the endo position and the -SAr
groups are in the exo position are accounted for by the corner
attached ion-pair intermediate. The absence of the exo -chlorine/
endo -SAr stereoisomer which would result from the edge-
attached sulfonium ion intermediate (below) is further (indirect)
evidence for the proposed mechanism which involves only a
corner attached ion-pair intermediate.
?&
S-Ar
sulfonium ion
(with edge attachment of -SAr group)
In acetic acid, the formation of chloride products
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(344+5. 55%) is preferred over acetate products (6+7+8+9+1 0,
36%). This result supports ion-pairing since the acetic acid
addendum, even though in excess compared to DNBSC addendum,
does not account for the majority of products. Also, chloride ion
is expected to be a better nucleophile then CH3C02K
Further evidence for ion-pairing is observed in the acetic
acid/LiCI04 run. Under these conditions, the ion-pair is
"separated"
(by a non-nucleophilic perchlorate ion) leading to the
formation of acetates as the major products. The reduction in
importance of the ion pair is supported by the dramatic drop off
in % 5 as shown in the 4th vs. 3rd line of Table I. However, this
and our study does not thoroughly address the
"tightness"
of the
ion-pair.
)P
separated ion-pair
(acetic acid can compete for electrophile easier)
The work of Morrill et al.,27 showed that substituents
on quadricyclene influenced the course of the addition reaction of
arenesulfenyl halides. The work of Zefirov and Morrill et al.,28
showed that a nucleophilic solvent could also influence the
electrophilic addition reaction. Therefore, it is of interest, and
the purpose of this project, to study the electrophilic addition of
arenesulfenyl chlorides to unsubstituted quadricyclene in non-
nucleophilic solvents to investigate the possibility of sulfur
17
bridging to form a sulfonium ion intermediate. This project wil
enable us to expand the knowledge of electrophilic additions to
the strained cyclopropane system of quadricyclene.
Stereochemical determination techniques:
When quadricyclene is treated with an ionic reagent E:Z,
electrophilic addition can occur and four 3,5-disubstituted
nortricyclene compounds (among other structural isomers) are
possible.
E:Z nortricyclene products
where:
E = electrophile
Z = nucleophile
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Compounds 12 - 1 5 are referred to as the endo - exo, exo -
endo, exo - exo, and the endo - endo adducts respectively.
The correct stereochemical assingements are crucial for
proposing a mechanism and A.O Chizhov, Nikolai S. Zefirov, N.V.
Zyk and Terence C. Morrill29 showed that an empirical method for
calculating proton chemical shifts can be used to determine the
stereochemistry of 3,5-disubstituted nortricyclene compounds.
The method involves calculating the chemical shifts of the
a-protons to each of the substituents (above denoted as E and Z)
using the following formula:
8 =80 + As+ A^ where
80= chemical shift for the proton at C-3/C-5 of
monosubstituted nortricyclene system (in this case C-3 = C-5).
As= change in shift for the proton at C-3/C-5 due to any
substitution at C-5/C-3, regardless of whether the C-5/C-3
substituent is endo or exo.
Ade= change in shift for the endo proton at C-3/C-5 due to
deshielding effect of an endo substituent at C-5/C-3.
Consider the two compounds and the calculated 'HNMR
shifts:
8 3.85.03ppm
5 3.14 ppm
S-Ph
S-Ph
6 4.71 .05 ppm 5 3.90 .07 ppm
19
Agfppm) A^giEEm)
0.0 0.86 0.02
0.0 0.76 0.07
Using the following values:
substituent 8^^
SPh 3.14
CI 3.85 0.03
and the empirical formula, one calculates the chemical shifts of
the a-protons to be 4.71 0.05 ppm and 3.14 ppm for the exo -
endo adduct and 3.85 0.03 ppm and 3.90 0.07 ppm for the
endo - exo adduct. Therefore, by analyzing the experimental
oc-proton chemical shifts the two isomers are distinquishable.
Other methods often used to determine stereochemistry
include difference nuclear Overhauser effect (diff NOE)30and
numerous 2D NMR techniques.30 These techniques wili be
addressed in appendix 1.
20
Experimental
All reagents and solvents used were obtained from the
Aldrich Chemical Company.
Infrared spectra were recorded on a Perkin Elmer model
1760 X Fourier Transform Infrared Spectrometer. Absorptions are
reported in wave numbers
(cm" 1). Intensity notations used are: s,
strong; m, medium; w, weak. H NMR spectra were recorded on a
Varian Gemini 200 MHz FT-NMR (scale expansions used to
calculate J values), a Bruker 200 MHz FT-NMR (all 1D NMR
spectra), and a Bruker 500 MHz FT-NMR (all 2D NMR spectra and
NOE difference spectrum) spectrometers. Multiplicity notations
used are: bs, broad singlet; d, doublet; t, triplet; d X t, doublet of
triplets; d X q, doublet of quartets; m, multiplet. Capillary Gas
Chomatography (conditions listed on page 42) was performed on a
Hewlett Packard 5890 series II gas chomatograph using either
column A or column B. Column A: Hp-1 (cross-linked methyl
silicone gum) 25 m x 0.32 mm x 0.52 u.m film thickness. Column B:
Hp-1 (cross-linked methyl silicone gum) 50 m x 0.32 mm x 0.52
u.m film thickness. GC-Mass Spectroscopy (conditions listed on
page 43) was performed on a Hewlett Packard model 5995 Gas
Chromatograph-Mass Spectrometer. Column: SPB-1 (Fused silica
non-polar capillary column) 30 m x 0.32 mm i.d. x 1.0 u.m df.
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Preparation of Benzenesulfenvl Chloride
i^ ^ 2 ph-s-ci
\ // RT, pyridine, lh
Diphenyl disulfide (32.42 g, 148.4 mmol) was added to 100 ml_ of
methylene chloride and 3 ml_ of pyridine in a 250 ml_ round-
bottom flask equipped with a magnetic stirrer. To this solution,
sulfuryl chloride (20.35 g, 150.1 mmol) was slowly added at
ambient temperature. After completion of the addition, the
resultant solution changed from a dark yellow to a reddish-
orange. This solution was stirred for 1 h. After 1 h, the solvent
was removed by rotoevaporation at 35 C. Subsequent distillation
of the reddish-orange solution afforded 37.58 g (86.55% yield) of
dark red benzenesulfenyl chloride, b.p. 33 C ( - 2-4 mm Hg).
IR (neat): 3060 cm"1, w (aromatic C-H stretch);
1474, 1439 cm"1, m (aromatic C^C stretch); 745 cm"1, s
(aromatic C-H bend); 686 1, s (C-S stretch); 510 1, m
(S-CI stretch).27
1H NMR (CDCI3): 8 7.34-7.43 ppm (m, 3H); 8 7.62-7.72 ppm (m, 2H).
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Preparation of p -Toluenesulfenvl Chloride
RT, 3 h, CH2CI2
S0>a>
- -
.S-C,
p-Toluenedisulfide (3.46 g, 14.0 mmol) was dissolved in 10 mL of
methylene chloride (dried over molecular sieves) and then added
to a 100 mL three-necked, round-bottom flask. The round-bottom
flask was equipped with a condenser (topped by a CaCI2 drying
tube), a magnetic stirrer, a N2(g) line (N2 dried by passage though
anhydrous CaCI2) and a adapter-fitted Pasteur pipet. To this
stirred, yellow-green solution freshly distilled (under nitrogen),
sulfuryl chloride (1.89 g, 14.0 mmol) was slowly added at
ambient temperature. After completion of the addition, the
resultant solution changed to a reddish orange. The resulting
solution was stirred for 3 h. After 3 h, the solvent was removed
by rotoevaporation at 35 C. Subsequent distillation of the
reddish-orange solution afforded 3.26 g (73.4%) of dark red
p-toluenesulfenyl chloride, b.p. 65 C (~ 2-4 mm Hg).
IR (neat): 3024 cm"1, w (aromatic C-H stretch);
2921, 2864 cm"1, w (aliphatic C-H stretch); 1594, 1489 cm"1, m
(aromatic C^C stretch); 1399, 1378 cm"1, m (methyl C-H bend);
809 cm"1, s (aromatic C-H bend); 703 cm'1, w (C-S stretch);
514 cm"1, s (S-CI stretch).
1HNMR(CDCI3):8 2.39 (s, 3H); 8 7.18-7.28 ppm (d, 2H); 8 7.58-7.65
ppm (d, 2H).
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Preparation of d -Methoxvbenzenesulfenvl Chloride
Me.O (/ \> S-H ^ M.-0
0-4C, 6h, CCI4
p-Methoxybenzenethiol (3.46 g, 24.7 mmol) was added to 30 mL of
carbon tetrachloride (previously dried over molecular sieves) and
pyridine (2.00 g, 25.3 mmol) in a 100 mL three-necked, round-
bottom flask. The round-bottom flask was equipped with a
condenser (topped by a CaCI2 drying tube), a magnetic stirrer, a
N^g) line (N2 dried by passage though anhydrous CaCI2) and a
septum. To this stirred, yellow-green solution freshly distilled
(under nitrogen), sulfuryl chloride (3.33 g, 24.7 mmol) was slowly
added at 0-4 C (ice bath). During the addition, violent bubbling
occurred and the resultant solution changed to a reddish-orange
with the formation of a yellow-white solid. This solution was
stirred for 6 h. After 6 h, the reaction was filtered though a fine-
sintered glass funnel and the solvent was removed by
rotoevaporation at 35 C. A reddish-orange solution remained,
4.18 g (76.6%). Subsequent distillation of the reddish-orange
solution (2.00 g) resulted in decomposition at 70 C
(~ 2-4
mm Hg).
IR (neat): 3068, 3006 cm"1, w (aromatic C-H stretch); 2906,
2838 cm"1, w (aliphatic C-H stretch); 1592,1494 cm"1, s
(aromatic CC stretch); 1251 crrf 1, s (asymmetric C-O-C
stretch); 1029 cm"1, m (symmetric C-O-C stretch);
1409, 1375 cm"1, w (methyl C-H bend); 802 cm"1, m (aromatic
C-H bend); 715 1, w (C-S stretch); 515 cm"1, m (S-CI
stretch).
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1H NMR (CDCI3): 8 3.78-3.96 (m, 3H); 8 6.81-7.02 ppm (m, 2H);
87.21-7.51 ppm (m, 1H); 87.71-7.82 ppm (m, 1H).
Reactions (No's 1-19al of Quadricyclene with
Benzenesulfenvl Chloride (see Tables T V- V D
various solvents substituted nortricyclene
various temperatures
13
and norbornene products
Reaction (1)
Quadricyclene (0.49 g, 5.3 mmol) was added to 40 mL of
methylene chlorine in a 100 mL round-bottom flask equipped with
a magnetic stirrer. To this solution benzenesulfenyl chloride
(0.77 g, 5.4 mmol prepared by the procedure described above) was
added in a dropwise fashion. Upon addition of the benzenesulfenyl
chloride, the resultant solution turned brownish-yellow and the
solution temperature rose from 24 C to 34 C with refux evident
on the inside of the round-bottom flask. After stirring this
mixture for 15 min at room temperature, the reaction mixture
was placed in an ice bath for ~ 3 min and then solvent was
removed by rotoevaporation at 35 C. The resulting crude product
(1.17 g, 92.9% yield) was a dark brownish-red viscous liquid that
had an onion-like odor. The TLC (p. 37) of this reaction mixture
(using eluent composed of 2:4:9 = CH2CI2:CCI4:n-C6H., 4) indicated
that three products were formed with evidence of
diphenyl-
disulfide and benzenesulfenyl chloride present. Also, three
unidentifed biproducts were observed. The crude reaction mixture
25
was analyzed by GC and GC mass spectroscopy (conditions pp 42-
43, results in Table IV). Standard GC results include three
products (isomers la-Ill a) with retention times 4.60/18.82,
5.46/21.43, and 5.78/22.35 min. respectively (column A/column
B) that account for ~ 80% of the total integrated area (excluding
solvent peak). For results of reactions (1)-(9) see Table IV.
Reaction (2)
Quadricyclene (5.00 g, 54.1 mmol) was added to 90 mL of
methylene chloride in a 250 mL two-neck, round-bottom flask
equipped with a magnetic stirrer. To this solution freshly
distilled benzenesulfenyl chloride (7.90 g, 55.1 mmol) was added
in a dropwise fashion. Upon addition of the benzenesulfenyl
chloride, the resultant solution turned dark brown (almost black)
and bubbled violently; this reflux action was accompanied by a
temperature rise from 24 C to 34 C. After stirring the reaction
mixture for 15 min. at room temperature, the solvent was
removed by rotoevaporation at 35 C. The resulting crude product
(11.86 g, 91.9% yield) was a dark brownish/red viscous liquid
that had an onion-like odor. The TLC of this reaction mixture
(using eluent composed of 2:4:9 = CH2CI2:CCI4:n-CgH1 4) and
analysis by GC and GC mass spectroscopy showed results
consistent with reaction (1).
Reaction (3)
Quadricyclene (1.08 g, 11.7 mmol) was added to 40 mL of
methylene chloride in a 100 mL round-bottom flask equipped with
a magnetic stirrer. To this solution benzenesulfenyl chloride
(0.80 g, 5.6 mmol) was added in a dropwise fashion. Upon addition
of the benzenesulfenyl chloride, the resultant solution
immediately turned brownish-orange and the solution
temperature rose from 27 C to 40 C with refux evident on the
inside of the round-bottom flask. After approximately 15 min, the
solution temperature dropped to 29 C and reflux ceased. After
1 h of stirring, the reaction mixture at room temperature, the
26
solvent was removed by rotoevaporation at 35 C. The resulting
crude product (1.30 g, 69.1% yield) was a dark brownish-red
viscous liquid that had an onion-like odor. The TLC of this
reaction mixture and analysis by GC and GC mass spectroscopy
showed results consistent with ealier reactions.
Reaction (4)
Quadricyclene (0.49 g, 5.3 mmol) was added to 65 mL of
methylene chloride in a 250 mL two-necked, pear-shaped flask.
The flask was equipped with a condenser (topped by a CaCI2
drying tube), a magnetic stirrer, and a 25 mL separatory funnel
(used for the addition of benzenesulfenyl chloride). To this
solution freshly distilled benzenesulfenyl chloride (1.55 g,
10.8 mmol) was added over the course of 1 h at room temperature
(21 C) in a dropwise fashion. An additional 5 mL of methylene
chloride was used to rinse the separatory funnel. Upon addition of
the benzenesulfenyl chloride, the resultant solution turned light
brown. After 9 h, the solvent was removed by rotoevaporation at
35 C. The resulting crude product (1.91 g, 93.6% yield) was a dark
brownish-red viscous liquid that had an onion-like odor. The
crude product was analyzed by GC and GC mass spectroscopy.
Reaction (5)
Quadricyclene (0.49 g, ,5.3mmol) and Bu4NCI (1.50 g, 5.4 mmol)
were added to a 65 mL of methylene chloride in a 250 mL two-
necked, pear-shaped flask. The flask was equipped with a
condenser (topped by a CaCI2 drying tube), a magnetic stirrer, and
a 25 mL separatory funnel (used for the addition of
benzenesulfenyl chloride). To this solution freshly distilled
benzenesulfenyl chloride (0.77 g, 5.3 mmol) was added over the
course of 1 h at room temperature (23.5 C) in a dropwise fashion.
An additional 5 mL of methylene chloride was used to rinse the
separatory funnel. Upon addition of the benzenesulfenyl chloride,
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the resultant solution turned light brown. After 9 h, the solvent
was removed by rotoevaporation at 35 C. The resulting crude
product was redissolved in a 2:4:9 mixture of CH2CI2:CCI4:
n"c6H1 4' and then extracted three times with ~ 25 mL of a
saturated NaCI solution. The organic layer was then extracted two
times with ~ 25 mL of distilled water. The organic layer was
dried over Na2S04, filtered, and the solvent was removed by
rotoevaporation at 35 C. The resulting crude product (0.64 g,
51% yield) was a reddish-brown viscous liquid that had an onion
like odor. The crude product was analyzed by GC and GC mass
spectroscopy.
Reaction (6)
Quadricyclene (0.49 g, 5.3 mmol) was added to 40 mL of
methylene chloride in a 100 mL round-bottom flask equipped with
a magnetic stirrer. This solution was held at -20 C using a low
form Dewar flask (~ 125 mL) filled with 2-propanol/dry-ice. To
this solution benzenesulfenyl chloride (0.81 g, 5.6 mmol) was
added in a dropwise fashion. Upon addition of the benzenesulfenyl
chloride, the resultant solution turned yellow and the solution
temperature first rose to -12 C and then fell to -20 C. After the
reaction mixture was stirred for 1 h, 30 min, the solvent was
removed by rotoevaporation at 35 C. The resulting crude product
(1.22 g, 93.8% yield) was a light-brown viscous liquid with the
characteristic onion-like odor. TLC analysis of this reaction
mixture (using eluent composed of 2:4:9 = CH2CI2:CCI4:n-CgH1 4)
showed that the proportion of isomer la had decreased (due to
decrease in spot intensity). The crude reaction mixture was
analyzed by GC and GC mass spectroscopy.
Reaction (7)
Quadricyclene (0.48 g, 5.2 mmol) was added to 60 mL of
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methylene chloride (degassed with N2) in a 200 mL three-necked,
round-bottom flask. The flask was equipped with a condenser
(topped by a CaCI2 drying tube), a magnetic stirrer, a N2(g) line
and a adapter-fitted Pasteur pipet. To this solution freshly
distilled benzenesulfenyl chloride (0.77 g, 5.3 mmol) was added
slowly at -77.5 2C (2-propanol/dry-ice bath). An additional
4 mL of methylene chloride was added to the vial containing
benzenesulfenyl chloride. Upon addition of the benzenesulfenyl
chloride, the resultant solution turned light yellow. After 1 h,
TLC showed that isomer I a was not present. After 2 h of stirring
the reaction mixture at -77.5 2C, the solvent was removed by
rotoevaporation at 35 C. The resulting crude product (1.14 g,
91.2% yield) was a faint yellow viscous liquid that had an onion
like odor. The crude product was analyzed by GC and GC mass
spectroscopy.
Reaction (8)
Freshly distilled benzenesulfenyl chloride (0.77 g, 5.3 mmol) was
added to 65 mL of methylene chloride (degassed with N2) in a
200 mL three-necked, round-bottom flask. The flask was equipped
with a condenser (topped by a CaCI2 drying tube), a magnetic
stirrer, a N2(g) line and a adapter-fitted Pasteur pipet. To this
solution quadricyclene (0.49 g, 5.3 mmol) was added during mild
reflux. An additional 5 mL of methylene chloride was added to the
vial containing quadricyclene. Upon initial addition of
quadricyclene, the resultant solution turned from brownish-
orange to yellow with evolution of bubbles, and then over a
pertiod of ~ 30 min the solution turned back to the original
brownish-orange color. After 1 h, 10 min the solvent was
removed by rotoevaporation at 35 C. The resulting crude product
(1.12 g, 88.9% yield) was a dark brownish-red viscous liquid that
had an onion-like odor. The crude product was analyzed by GC and
GC mass spectroscopy.
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Reaction (9)
Freshly distilled benzenesulfenyl chloride (0.77 g, 5.3 mmol) was
added to 65 mL of methylene chloride (degassed with N2) in a
200 mL three-necked, round-bottom flask. The flask was equipped
with a condenser (topped by a CaCI2 drying tube), a magnetic
stirrer, a N2(g) line and a adapter-fitted Pasteur pipet. To this
solution quadricyclene (0.49 g, 5.3 mmol) was added at room
temperature (23.5 C). An additional 5 mL of methylene chloride
was added to the vial containing quadricyclene. Upon addition of
quadricyclene, the resultant solution turned from brownish-
orange to yellow and then back to golden brown. After 1 h, 10 min
the solvent was removed by rotoevaporation at 35 C. The
resulting crude product (1.22 g, 96.8% yield) was a dark
brownish-red viscous liquid that had an onion-like odor. The
crude product was analyzed by GC and GC mass spectroscopy.
Reactions (10)-(14) (see Table V)
Quadricyclene (0.0512-0.0529 g, 0.556-0.574 mmol) was added to
7 mL of the following pre-dried solvents: acetonitrile (CH3CN,
dried with silica gel), nitromethane (CH3ND2, dried with CaCI2),
tetrahydrofuran (THF, dried with LiAIH4), dimethylformamide
(DMF, dried with silica gel), and carbon tetrachloride (CCI4, dried
with CaCI2), in one of five test tubes. To these solutions freshly
distilled benzenesulfenyl chloride (0.0806-0.0828 g,
0.562-0.577 mmol) was added at room temperature (24 C). The
test tubes were stoppered, vigorously shaken, and then the
reaction mixtures, after ~ 26 h (reaction time), were analyzed by
GC and GC mass spectroscopy.
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Reactions (15)-(19) (see Table VI)
Following the general procedure for reactions (10)-(14).
Quadricyclene (0.0484-0.0525 g, 0.525-0.570 mmol) was added to
7 mL of the pre-dried solvents in one of five test tubes. To these
solutions freshly distilled benzenesulfenyl chloride (0.0764-
0.0830 g, 0.532-0.578 mmol) was added at -20 C
(2-propanol/dry-ice bath). The test tubes were stoppered,
vigorously shaken, and the reactions remained at -20 C for 2 h
30 min. The reaction mixtures were allowed to slowly rise to
room temperature and after ~ 26 h (reaction time) were analyzed
by GC and GC mass spectroscopy.
Reaction (19a)
Following the general procedure for reactions (10)-(14).
Quadricyclene (0.0488 g, 0.529 mmol) was added to 7 mL of THF-
distilled water (THF : distilled water = 6 mL:1 mL) in a test tube.
To this solution freshly distilled benzenesulfenyl chloride
(0.0766 g, 0.533 mmol) was added at room temperature (27 C).
The test tube was stoppered, vigorously shaken, and then the
reaction mixture, after - 26 h (reaction time), was analyzed by
GC and GC mass spectroscopy.
Reactions (No's 20 & 21) of Quadricyclene with
p -Toluenesulfenvl Chloride
// \i = C[ methylene chloride ^ substituted nortricyclene
Ft T or -78 C
*"
and norbomene products
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Reaction (20)
Quadricyclene (0.25 g, 2.7 mmol) was added to 30 mL of
methylene chloride (degassed with N2) in a 100 mL three-necked,
round-bottom flask equipped with a condenser (topped by a CaCI2
drying tube), a magnetic stirrer, a N2(g) line and a adapter-fitted
Pasteur pipet. To this solution freshly distilled p-toluene-
sulfenyl chloride (0.43 g, 2.7 mmol, prepared by the procedure
described above) was slowly added at room temperature (22 C).
An additional 4 mL of methylene chloride was added to the vial
containing p-toluenesulfenyl chloride. Upon addition of the
p-toluenesulfenyl chloride, the resultant solution turned
immediately golden yellow. After 2 h, the solvent was removed by
rotoevaporation at 35 C. The resulting crude product (0.63 g,
97% yield) was a dark brownish-red viscous liquid that had an
onion-like odor. The crude product was analyzed by GC and GC
mass spectroscopy.
Reaction (21)
Quadricyclene (0.49 g, 5.3 mmol) was added to 60 mL of
methylene chloride (degassed with N2) in a 200 mL three-necked,
round-bottom flask equipped with a condenser (topped by a CaCI2
drying tube), a magnetic stirrer, a N2(g) line and a adapter-fitted
Pasteur pipet. To this solution freshly distilled p-toluene
sulfenyl chloride (0.84 g, 5.3 mmol) was slowly added at
-78 05C (2-propanol/dry-ice bath). An additional 4 mL of
methylene chloride was added to the vial containing p-toluene
sulfenyl chloride. Upon addition of the p-toluenesulfenyl
chloride, the resultant solution immediately turned golden
yellow. The reaction was kept at -78 5 C for 2 h, 30 min and
then allowed to slowly rise to room temperature. After 11 h, 30
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min, the solvent was removed by rotoevaporation at 35 C. The
resulting crude product (1.25 g, 94.0% yield) was a light brown
viscous liquid that had an onion-like odor. The crude product was
analyzed by GC and GC mass spectroscopy.
Reactions (No's 22 & 23) of Quadricyclene with
p -Methoxvbenzenesulfenvl Chloride
.. ,, \\__c Ci methylene chloride substituted nortricyclene"
_
T
o_
"~
and norbomene products
Reaction (22)
Quadricyclene (0.25 g, 2.7 mmol) was added to 30 mL of
methylene chloride (degassed with N2) in a 100 mL three-necked,
round-bottom flask equipped with a condenser (topped by a CaCI2
drying tube), a magnetic stirrer, a N2(g) line and a adapter-fitted
Pasteur pipet. To this solution p-methoxybenzenesulfenyl
chloride (0.50 g, 2.9 mmol) was slowly added at room
temperature (29 C). An additional 5 mL of methylene chloride
was added to the vial containing p-methoxybenzenesulfenyl
chloride. Upon addition of the p-methoxybenzenesulfenyl
chloride, the resultant solution turned light yellow with no sign
of reflux. Eventually the solution turned light brown. After 3 h,
the reaction was analyzed by TLC (which indicated the presence
of several side products). Two hours later, the solvent was
removed by rotoevaporation (at 35 C) and the resulting crude
product (0.63 g, 84% yield) was a light brown viscous liquid that
had an onion-like odor. The crude product was analyzed by GC and
GC mass spectroscopy.
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Reaction (23)
This reaction was carried out exactly like reaction (22) except it
was run at -785 C (instead of room temperature). The
resulting crude product (0.60 g, 80% yield) was a light brown
viscous liquid that had an onion-like odor. The crude product was
analyzed by GC and GC mass spectroscopy.
Reactions (No's 24 & 25) of Quadricyclene with
Benzenesulfenyl Chloride in the Presence of AqBF^
AgBF4 / \ -S-CI CH2CI2/CH3ND2
-55 C
r\ AgCI j
+ S
+ ff \ CH2CI2/CH3r02
BF4
-55 C
BuAci
CH2Cl2/CH3r02
-55 C
substituted nortricyclene
and norbornene products
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Reaction (24)
Benzenesulfenyl chloride (0.62 g, 4.3 mmol) was dissolved in
10 mL of methylene chloride (degassed with N2) and this solution
was added to a 100 mL three-necked, round-bottom flask. The
flask was equipped with a condenser (topped by a CaCI2 drying
tube), a magnetic stirrer, a N2(g) line and a rubber septum. A
solution of AgBF4 (0.90 g, 4.6 mmol) dissolved in 3 mL of
nitromethane (degassed with N2) was slowly added to the
reaction mixture at -55 5 C (2-propanol/dry-ice bath). Upon
addition, the resultant solution turned greenish-purple with a
white solid precipitate. After ~ 5-10 min, the solution turned an
opaque greenish-black and it was difficult to see the white solid.
A solution of quadricyclene (0.40 g, 4.3 mmol) dissolved in 10 mL
of methylene chloride (degassed with N2) was slowly added to the
reaction mixture at -55 05C. After addition, the resultant
solution turned milky-white. After ~ 15 additional min, a solution
of tetra-butylammonium chloride (Bu4NCI, 2.60 g, 9.35 mmol)
dissolved in 7 mL of nitromethane (degassed with N2) was slowly
added. After addition, the resultant solution turned yellow-white.
The reaction was kept at -55 5 C for 2 h, 30 min and then
allowed to slowly rise to room temperature by not continuing the
addition of dry ice to 2-propanol. After ~ 15 h the reaction was
filtered and extracted three times with - 25 mL of a saturated
aqueous NaCI. The organic layer was dried over Na2S04, filtered
and the solvent was removed by rotoevaporation at 35 C. The
resulting crude product (0.97 g, 95% yield) was a golden-yellow
viscous liquid that had an onion-like odor. The crude product was
analyzed by GC and GC mass spectroscopy.
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Reaction (25)
Benzenesulfenyl chloride (0.62 g, 4.3 mmol) was dissolved in
10 mL of methylene chloride (degassed with N2) and added to a
100 mL three-necked round-bottom flask. The flask was equipped
with a condenser (topped by a CaCI2 drying tube), a magnetic
stirrer, a N2(g) line and a rubber septum. A solution of AgBF4
(0.97 g, 5.0 mmol) dissolved in 3 mL of nitromethane (degassed
with N2) was slowly added to the reaction mixture at -55 5 C
(2-propanol/ dry-ice bath). Upon addition, the resultant solution
turned greenish-purple and a white solid precipitate appeared.
After - 5-10 min the solution turned an opaque greenish-black
and it was difficult to see the white solid. After 30 min, a
solution of quadricyclene (0.41 g, 4.4 mmol) dissolved in 10 mL of
methylene chloride (degassed with N2) was slowly added to the
reaction mixture at -55 5 C. Upon addition, the solution had
turned milky-white. After an additional ~ 1 h, a solution of
Bu4NCI (2.59 g, 9.31 mmol) dissolved in 7 mL of nitromethane
(degassed with N2) was slowly added. Upon addition, the solution
had turned yellow-white. The reaction was kept at -55 5 C
for 2 h, 30 min and then allowed to slowly rise to room
temperature by not continuing the addition of dry ice to
2-propanol. After ~ 15 h the reaction was filtered though a
sintered-glass filter and the solvent was removed by
rotoevaporation at 35 C. The resulting crude product was
redissolved in ethyl ether and extracted three times with ~ 25 mL
of a saturated aqueous NaCI. The ether layer was then extracted
two times with - 25 mL of distilled water. The organic layer was
dried over Na2S04, filtered, and the solvent was removed by
rotoevaporation at 35 C. The resulting crude product (0.41 g, 40%
yield) was a golden-yellow viscous liquid that had an onion-like
odor. The crude product was analyzed by GC and GC mass
spectroscopy.
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Thin layer Chomatographic Analyses were carried out using Baker
Si250F silica gel plates (fluorescent indicator at 254 nm, 5 x 10
cm, 250 u.m layer). Preparative thin layer chromatographic
analysis were carried out using Whatman PK6F Silica gel 60A
preparative plates (fluorescent indicator at 254 nm, 20 x 20 cm,
1000 u.m layer) and was used to separate individual isomers for
characterization. In both analytical and preparative procedures
the eluent was a 2:4:9 mixture of CH2CI2:CCI4:n-CgH.| 4.
Characterization of isomers l-lll:
Isomer I a:
1 H NMR (200 MHz, CDCI3): 8 1 .71 ppm (d X q, 1 H, J = 9.5 Hz, J =
2.2 Hz); 81.89 ppm (d, 1H, J = 9.5 Hz); 8 2.87 ppm (bs, 1H); 8 3.09
ppm (t, 1H, J = 3.0 Hz); 8 3.18 ppm (bs, 1H); 84.19 ppm (t, 1H, J =
3.4 Hz); 86.18- 6.22 ppm (m, 1H); 86.31- 6.38 ppm (m, 1H); 87.19-
7.49 ppm (m, 6H).
IR (neat): 3061 cm"1, w (aromatic C-H stretch); 2927,2870 cm"1,
m, w (aliphatic C-H stretch); 1481,1456 cm"1, m (aromatic C^C
stretch); 802 1, m (aromatic C-H bend); 739 cm"1, s (C-CI
stretch); 713 cm"1, m (C-S stretch).
MS El, m/z (intensity): 238 (4.02%) M + 2, 236 (9.95%) M, 201
(31.3%) M - CI, 170 (100%) M - CgHg, 135 (80.7%) M - C5Hg - CI,
91 (57.4%) M - SPh - CI - H, 66 (16.8%) M - (Ph-S)CHCH(CI).
(conditions listed on p. 43).
GC retention time: (conditions listed on p. 42).
column A; 4.60 min
column B; 18.82 min
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Rf (silica gel): 0.42
Isomer 1 1 a:
1 H NMR (200 MHz, CDCIg): 8 1 .35-1 .47 ppm (m, 2H); 8 1 .50-1 .57
ppm (m, 2H); 81.99 ppm (d X t, 1H, J =11.2 Hz); 82.12 ppm (bs,
1H); 8 3.92 ppm (bs, 1H); 8 7.05-7.39 ppm (m, 6H).
IR (neat): 3075,3004 cm"1, w (aromatic C-H stretch);
2924,2873 cm"1, m, w (aliphatic C-H stretch); 1481,1439 cm"1,
m (aromatic C^C stretch); 817 cm"1, s (aromatic C-H bend);
739 cm"1, s (C-CI stretch); 702 cm"1, m (C-S stretch).
MS El, m/z (intensity): 238 (12.7%) M + 2, 236 (32.7%) M, 201
(6.89%) M - CI, 170 (17.7%) M - C5Hg, 135 (16.7%) M - C5Hg - CI,
91 (100%) M - SPh - CI - H, 66 (7.06%) M - (Ph-S)CHCH(CI).
(conditions listed on p. 43).
GC retention time: (conditions listed on p. 42).
column A; 5.46 min
column B; 21.43 min
Flf (silica gel): 0.38
Elemental analysis:
Anal. Calcd for C1 2ri, 3SCI: C, 65.95; H, 5.53; S, 13.54.
Found: C, 65.81; H, 5.64; S, 13.68.
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2D NMR spectra
Table I L 1 H -1 3C connectivities of isomer Ha as
determined by HETCOR (H/C COSY) spectroscopic
analysis.
8 C (ppm) S1 H (ppm) number ol protons attached to carbon
64.76 3.99 1
50.08 3.92 1
41.93 2.12 1
29.21 1.99 &1.35-1.47 2
20.16 1.50-1.57 1
16.58 1.50-1.57 1
14.60 1.35-1.47 1
a-1 H chemical shifts correspond to the 1 H NMR spectrum. The 1 H signals in the
HETCOR spectrum are shifted - 0.23 ppm downfield of simple 1D spectrum.
b- Signal at < 1.5 ppm, attributed to an impurity, has not been tabulated.
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Table 1 1 1 1 H H connectivities of isomer lla as
determined by HOMCOR (H/H COSY) spectroscopic
analysis.
specific proton protons thai couple to specific proton
"3 H4 , H2
H5 H4 , Hg
H4 "3 , H5 , H7a , H7b , H2 &Hg
'"Vb H1 &H7a
Ho & Ho H3 - H5 - H1 - H4
H1 & H7a H2 & Hg , Hy^ , H4
a- H4 connectivity to H2 and Hg suggests long range coupling and may be influenced
by the "rule of w."31"33
NOE difference spectrum3
irradiated proton enhanced protons
5 3.92 ppm (1H) 6 1.50-1.57 ppm (2H), 8 2.12 ppm (1H), 8 7.05-7.39 ppm (6H).
6 3.99 ppm (1H) 8 1.35-1.47 ppm (2H), 8 1.50-1.57 ppm (2H), 8 2.12 ppm (1H).
a 1 H chemical shifts correspond to the 1 H NMR spectrum. The 1 H signals in the
NOE difference spectrum are shifted ~ 0.23 ppm downfield of simple 1 D spectrum.
Isomer Ilia:
1 H NMR (200 MHz, CDCI3): 8 1.91-1.99 ppm (m, 1H); 8 2.51-2.57
ppm (m, 1H); 8 3.92 ppm (d, 1H, J = 4.4 Hz); 8 4.11 ppm (t, 1H, J =
4.6 Hz); 8 7.18-7.48 ppm (m, 6H).
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MS El, m/z (intensity): 238 (2.52%) M + 2, 236 (5.51%) M, 200
(1.68%) M - CI - H, 170 (1.60%) M - C5Hg, 135 (2.95%)
M - C5Hg - CI, 91 (31.2%) M - SPh - CI - H, 66 (2.82%)
M - (Ph-S)CHCH(CI), 28 (100%). (conditions listed on p. 43).
GC retention time: (conditions listed on p. 42).
column A; 5.78 min
column B; 22.35 min
Rf (silica gel): 0.26
Isomer I b:
MS El, m/z (intensity): 252 (5.00%) M + 2, 250 (13.4%) M, 215
(36.7%) M - CI, 184 (100%) M - C5Hg, 149 (70.9%) M - C5Hg - CI,
91 (44.5%) M - SAr (Ar = p-CH3CgH4) - CI - H, 66 (10.1%)
M - (Ar-S)CHCH(CI). (conditions listed on p. 43).
GC retention time: (conditions listed on p. 42).
column B; 22.62 min
Rf (silica gel): 0.41
Isomer II b:
MS El, m/z (intensity): 252 (18.2%) M + 2, 250 (47.9%) M, 215
(7.12%) M - CI, 184 (22.5%) M - CgHg, 149 (15.5%) M - C5Hg - CI,
91 (100%) M - SAr (Ar = p-CH3CgH4) - CI - H, 66 (4.52%)
M - (Ar-S)CHCH(CI). (conditions listed on p. 43).
GC retention time: (conditions listed on p. 42).
column B; 26.22 min
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Rf (silica gel): 0.35
Isomer 1Mb:
MS El, m/z (intensity): 252 (11.0%) M + 2, 250 (M, 26.2%) M, 214
(1.92%) M - CI - H, 184 (5.11%) M - C5Hg, 149 (5.74%)
M - C5Hg - CI, 91 (78.8%) M - SAr (Ar = p-CH3CgH4) - CI - H,
66 (2.75%) M - (Ar-S)CHCH(CI), 28 (100%).
(conditions listed on p. 43).
GC retention time:
column B; 27.56 min
Rf (silica gel): 0.25
Isomers I -1 1 1 c:
GC chomatogram shows many peaks in the region of 2-19 minutes,
three of which likely correspond to isomers l-lllc.
GC spectroscopy: (instrumentation on p. 21).
column A conditions:
flow rate: ~ 3 mL/min
injection port: 225 C
oven temperature: 210 C
detector(F.I.D.): 200 C
column B conditions:
flow rate: 18-20 mL/min
injection port: 225 C
oven temperature: 150 C for 6 min to 210C at 30C/min
detector(F.I.D.): 200 C
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GC mass spectroscopy: (instrumentation on p. 21)
injection port: 225 C
transfer line: 250 C
ion source: 200 C
oven temperature: 195 C
mass analyzer: 220 C
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Results and Discussion
The reaction between quadricyclene and arenesulfenyl
chlorides in various solvents and at different temperatures has
been investigated. The main reaction and nine possible product
structures are shown below in Scheme VII along with pertinent
1 H NMR data.
Scheme VII.
Ar-S-CI
various solvents
various temperatures
Possible Products
where:
Ar = C6H5, p-CH3C6H4, p-CH3OC6H4.
8 3.85 .03 ppm
-k
+ civ / \ +
\ / ^^-*-^ ^S-Ar
5 3.14 ppm b H
5 3.85 .03 ppm 5 3.1 4 ppm
1 6 1 7
a-AII chemical shifts are empirically
calculated29 in ppm (see introduction pp 19-
20 and correspond to products with Ar = CgH5)
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8 3.85 .03 ppm
8 3.14 ppm
2 2 2 3
Ar-S
2 4
homoallylic, Wagner-Meerwein rearrangement
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When we carried out these reactions, three compounds were
found and identified. These are labeled isomers l-ll I (where a; Ar
= C6H5, b; Ar = p-CH3CgH4, c; Ar = p-CH3OCgH4) corresponding
to increasing retention times on gas chromatography. A typical
capillary GC chromatogram (column B) shows isomers la-Ill a to
have retention times of 18.82, 21.43, and 22.35 min respectively.
Arguments presented below support structure 2 3 (norbornenyl
structure with an exo -SAr and endo -CI groups) for type I
compounds and structure 1 9 for type I I compounds. However, our
ability to assign type 1 1 1 structures is greatly restricted. We
have investigated the cases of Ar = CgH5, p-CH3-CgH4 and
p-CH30CgH4, with the most thorough scrutiny applied to the
phenyl case. Because norbornenyl isomers such as 2 3 readily lend
themselves to NMR-based stereochemical analyses, we had to do
more thorough 1H NMR analyses (especially 2D NMR) on type I I
(nortricycl) isomers (especially Ar = CgH5).
The main focus of this research involved studying the
reaction between benzenesulfenyl chloride (BSC) and
quadricyclene. We began by choosing a non-nucleophilic solvent,
such as methylene chloride, to eliminate nucleophilic competition
between solvent and chloride ion. The results are listed in Table
IV.
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Table IV. Reactions of BSC with Quadricyclene in
CH2CI2
Reaction3 Ratio quad : BSC Ratio of Droducts
isomer la (25) isomer ila (26) isomer Ilia
d) 1 : 1 7 8
(2) 1 : 1 7 8
(3) 2 : 1 12 8
(4) 1 : 2b trace 13
(5) 1 : 1c 3 5
(6) 1 : 1 2 10
(7) 1 : 1 1 59 6
(8) 1 :1<* 5 8
(9) 1 :1* 4 9
aAII reactions at room temperature except; (6) [-20 C], (7) [-78 C], (8)
[reflux, ~ 40 C]. BSC = benzenesulfenyl chloride.
b- BSC addition dropwise over ~ 1 h [all others except reactions (8) and (9) BSC
addition within 5 min].
c- Bu4NCI present.
^ Mode of addition changed, quadricyclene to BSC (all others BSC to quadricyclene).
e- Ratio for all reactions by GC (using peak areas). Identity of GC peaks verified by
GC mass spec.
The reactions are exothermic and according to thin layer
chromatography (TLC) are completed within 15 minutes. After
several attempts, it was found that the best eluent for TLC
analysis was a 2:4:9 mixture of CH2CI2:CCI4:n-CgH.j 4. GC and/or
TLC analysis showed that three products were formed and there
appeared to be some unreacted quadricyclene (~ 1%) and
benzenesulfenyl chloride. Byproducts sometimes included
diphenyldisulfide and two compounds with the high molecular
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weight of 272. The crude reaction mixtures varied in color from
light brown to dark brownish-red, but were all viscous liquids
that had an onion-like odor.
Reaction (1) (Table IV) resulted in slightly favored
formation of isomer 1 1 a, the nortricyclene isomer, over isomer
I a, (the substituted norbornene isomer). This is rationalized by
appreciating that the norbornene isomer is a rearrangement
product and should be produced sequentially. It was also of
interest to carry out the reaction under different conditions.
Reaction (2) (Table IV) showed that this reaction was not
dependent upon the absolute concentration of hydrocarbon, as
benzenesulfenyl chloride was added to a 0.57 M solution of
quadricyclene in CH2CI2 [as opposed to a 0.13 M solution in
reaction (1)]. Reaction (3) showed that the ratio of quadricyclene
to benzenesulfenyl chloride affected the product ratio (see Table
IV). When an excess of quadricyclene is used, isomer la is
favored. The favored formation of isomer I a when excess
quadricyclene is used is likely not a result of some
quadricylclene rearranging to norbornene (which is expected to
preferentially form norbornene product). This rearrangement is
also inhibited by the fact that the photochemical conversion of
quadricyclene to norbornene is a very slow process34 under these
conditions. More likely the ratio in reaction (3) is affected by the
relative low concentration of chloride ion. In reaction (4) (Table
IV), the slow dropwise addition of BSC (low chloride ion
concentration) results in the favored formation of isomer 1 1 a.
This result was not expected [based on reaction (3)] but suggests
that the product ratio is due simply to reaction kinetics; that is
product 1 1 a is the result of kinetic control. Reaction (5) (Table
IV), in which the chloride ion was in excess (1:2 = quadricyclene:
chloride ion), resulted in an approximately equal formation of la
to 1 1 a. Therefore, no straight forward conclusions can be made
about the product ratios dependence on chloride ion concentration.
Reactions (6) and (7) (Table IV) showed the product ratio is
affected by reaction temperature. At -20 C, the isomer I all a
ratio is 2:10 as opposed to 7:8 at ~ 25 C. At -78 C, the isomer
I all a ratio is 1 :59 and for the first time isomer 1 1 1 a is not the
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minor isomer. This again strongly suggests that since isomer 1 1 a
is favored at low temperature, it is the kinetically controlled
product. More importantly, assuming the reaction pathway
involves a corner-attached -SAr group, the low temperature
results suggest the following:
Scheme VIII.
ion-pair
(with corner attachment of -SAr group)
\
V-
S-Ar
m cXj .S-Ar
cP_
_^cP
B
23
(Type I isomers)
1 9
(Type I I isomers)
49
The suggested intermediates that are formed (A and B) are
assumed to be in equilibrium (classical carbocations). At low
temperatures, the initial formation of intermediate A favors
formation of 19 (type I I compounds). It should be noted that
Zefirov's "intermediate" is shown as a transition state. If this
was the sole intermediate, the product ratio would be
temperature independent.
It is well known that nortricyclenes are thermodynamically
more stable than norbornenes.35 Reaction (8) (Table IV) was run
to see if isomer 1 1 a would be thermodynamically favored over
isomer I a. To prevent isomerization of quadricyclene to
norbornene during reflux, the mode of addition was changed. That
is, quadricyclene was added to BSC. To ensure that the results
that would be observed were due to reflux and not the change in
mode of addition, reaction (9) was run. The results of reactions
(8) and (9) were similar. Isomer 1 1 a was favored over isomer I a
by approximately 2:1. This is higher than reactions (1) and (2)
(isomer I a:l I a = 7:8). These results suggest that it is merely the
mode of addition (and not the higher temperature) that is the
cause of the product ratio. We have no results to allow us to
conclude that our nortricyclene compounds are thermodynamically
more stable then the norbornene compounds. It should be noted
that in these reactions chloride ion is in excess and the results
are similar to reaction (5).
It was of interest to study the effect of solvent polarity on
our reaction. The solvents in Table V were dried and a measure of
their polarity, the ET value,36 is given. ET values are a result of
a solvent polarity scale based on the the position of electronic
spectra peaks of the pyridinium-N-phenolbetaine in various
solvents. It was found that in all the solvents (except CCI4 and
tetrahydrofuran) the compounds with a molecular weight of 272,
compounds 2 9 and 3 0, were the major products. The results are
listed in Table V.
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29 and 30
Table V. Reactions of BSC to Quadricyclene in various
solvents at R.T.
Reaction solvent (ET) Ratio of products
isomer la (25) isomer lla (26) isomer Ilia 29 t 30
(10) cci4 (32.5) 20 1 1 3
(11)
(12)
(13)
THF
DMF
CH3CN
(37.4)
(43.8)
(46.0)
1 1
5
1
9
2
3
1
1
2
3
9
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(14) CH3ND2 (46.3) trace 4 1 9
Compounds 2 9 and 3 0 are believed to result from the
addition of both BSC and HCI to quadricyclene. This would account
for the molecular weight of 272. This is also supported by the
fact that both compounds show a M + 2 peak that is - 70% of the
intensity of M which agrees well with the expected value of
69.6% for a compound that contains two chlorine atoms and a
sulfur. The source of HCI may be due to the reaction of BSC with
water. If this was the case, a
"wet" THF reaction should show an
increase in the amount of compounds 2 9 and 3 0. A
"wet" THF
reaction however showed the amount of compounds 2 9 and 30 did
not increase [I a: 1 1 a: 1 1 1 a: (2 9 & 3 0) = 1 :3:1 :1]. Therefore, The
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source of HCI is not due to the reaction of BSC with water. In
CCI4, THF and DMF, isomer I a is favored over isomer 1 1 a, and this
may be a result of solvent polarity. The homoallylic
intermediates (A and B) are useful in accounting for the
rearranged (norbornene skeleton) products. The general trend
observed in using solvents of varying polarity (except for DMF)
was that as the solvent polarity was increased (suggested by an
increasing ET value) isomer 1 1 a was formed at the expense of I a.
In a very polar solvent, such as nitromethane, the positive charge
on carbon 5 (intermediate A) above is stabilized by the solvent
and is, therefore, less dependent on the electron density of the
other cyclopropane ring. This results in a lower concentration of
intermediate B (positive charge on carbon 2) which is the
precurser to isomer I a. Thus homoallylic rearrangement is
required less in the solvents of higher polarity and close-range
attack by the chloride ion on carbon 5 is preferred. In CCI4, there
is less solvent stabilization of the positive charge on carbon 5,
and, therefore, there is a greater demand for the electron density
of the other cyclopropane ring. This results in a large positive
charge on carbon 2 which is now more susceptible to attack. The
unusual DMF results suggest that solvent polarity is not the only
factor affecting the reaction.
It was of interest to see if we could obtain the kinetic
control in different solvents at low temperature. Reactions (15)-
(19) were run (at -20 C) simultaneously with reactions (10)-
(14). The results are shown in Table VI.
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Table V L Reactions of BSC to Quadricyclene in various
solvents at -20 C.
Reaction solvent <ET> Ratio of products
isomer la (25) isomer Ma (26) isomer Ilia 29 a 30
(15) cci4 (32.5) 12 1 1 3
(16)
(17)
(18)
THF
DMF
CH3CN
(37.4)
(43.8)
(46.0)
1
2
trace
8
1
2
1
trace
1
2
6
18
(19) CHoNDc (46.3) trace 5 1 12
In reactions (15)-(19), the amount of isomer I a decreased
compared reactions (10)-(14). This is further evidence that
isomer Ha is the kinetically controlled product.
At this point, it was apparent that sulfur did not bridge due
to the absence of the exo -chloro/encfo-SAr nortricyclene isomer
1 8 (Ar = CgHg). Therefore, we decided to use sulfenyl chlorides
with electron releasing groups in the 4-position to increase the
electron density on the sulfur atom making them more available
for bridging. Sulfenyl chlorides with a -CH3 (op = -0.14) and -OMe
(a _ -0.28) in the 4-position were tried. The degree of electron
releasing ability is measured by o values.37 A negative ovalue
refers to an electron releasing group and a positive ovalue refers
to an electron withdrawing group compared to hydrogen. The
subscript refers to para substitution. The increasing order of
electron releasing ability is thus -H (ap = 0), -CH3 (ap = -0.14)
and -OMe (ap = -0.28). Therefore, the sulfur atom of para
-
methoxy-benzenesulfenyl chloride should have the greatest
bridging ability.
The reaction of para-toluenesulfenyl chloride and
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quadricyclene in CH2CI2 at room temperature gave rise to three
adducts in a GC ratio of 4:6:1= Ibllblllb The GC retention times
(column B, pp. 41-42) of I b, 1 1 b, and lllb - 22.62, 26.22, and
27.56 min respectively. These results were consistent with the
GC retention times (column B, pp. 37-41) of I a, II a, and Ilia
(18.82, 21.43, and 22.35 min respectively). The same reaction
was run at -78 C which resulted in a ratio of trace:9:1. Although
these studies are not complete, based only GC and GC MS analysis,
it was assumed that these adducts were the same as isomers I a,
1 1 a, and II la in the benzenesulfenyl chloride case. It should be
noted that the kinetically favored nortricyclene isomer is
observed as in the benzensulfenyl case. However, the absence of a
new isomer suggested that no substantial sulfur bridging took
place. Similar reactions were run with p-methoxy
benzenesulfenyl chloride. Again there was evidence of
arenesulfenyl chloride addition. However, many other major peaks
were observed on the GC chromatogram indicating that these
reactions were not very clean. This might be caused by impure
p-methoxybenzenesulfenyl chloride revealed by 1H NMR analysis.
This reagent did decompose upon distillation at 70 C
(2-4 mm Hg). It is also of interest to note that this
arenesulfenylchloride was the only one synthesized from S02CI2
and the thiol precurser.
Another attempt to premote sulfur bridging was based on
the work of Smit and Krimer.38 They found that the addition of a
solution of AgBF4 in CH3ND2 to benzenesulfenyl chloride in
CICH2CH2CI-CH2CI2 (1:2) at -55 C resulted in precipitation of
AgCI. Then addition of an alkene in CH2CI2 resulted in the
formation of a sulfonium ion which was apparently stable for
several hours. The chloride ion was then introduced by the
addition of a solution of Bu4NCI in CH3ND2. This methodology was
applied to our system in reactions (24) and (25). Reaction (24)
resulted in four isomers in a ratio of trace:4:2:1. The first three
isomers correspond to the three (I - 1 1 1) previously observed
compounds. The fourth isomer has the mass spectrum of a
nortricyclene isomer and the required M of 236. However, at this
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time, isolation of this isomer for 1H NMR analysis has not been
completed. If this isomer resulted from sulfur bridging, its low
yield indicates only minor bridging at best. Therefore, reaction
(25) was run in which the time between addition of reagents was
increased. This resulted in the following ratio of 1:3:trace:trace
suggesting that the amount of the new isomer had decreased.
Garratt et al.39has run reactions similar to ours and has
obtained the following products (compounds 18, 17, 23). The
results of these reactions are summarized in Table VII.
18 1 7 23
Table VIL Reactions of Quadricyclene and Various
Arenesulfenyl chlorides in Ch^CI2at Room Temperature.
Entry Ar =
1 8
Ratio of products
1 7
a
23
1 C6H5 42 34 24
2 p-CH3CgH4 54 36 10
3 p-MeOC6H4 57 25 18
4 2,4-(N02)2C6H3 4 66 30
a Determined by 1 H and 1 ^C NMR analysis.
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Compound 1 8 would result from a bridged sulfonium ion.
Garrat proposes that there are two competing reaction paths
taking place: one in which the -SAr group is edge-attached, and
one in which the -SAr group is corner-attached. The
stereochemistry of the products was established using
1 H and
1 3C NMR spectroscopy. It should be noted that these results
differ from Zefirov's and from ours; Zefirov40 determined the
stereochemistry of the major adduct by X-ray analysis and we
used advanced NMR techniques. Specifically, this throws into
doubt whether Garratt ever obtained any type 1 8 product and thus
whether bridging is significant at all.
We isolated the products of the reaction between
quadricyclene and BSC by preparative TLC. The isolated products
were used for 1 H NMR analysis.
We have found that the stereochemistry of the nortricyclene
product could not be determined by simply comparing the
experimentally observed
1 H NMR chemical shifts of the protons a
to the chlorine and -SPh groups to those calculated using the
empirical formula. Therefore, more advanced NMR techniques (2D)
than those described in the introduction were needed and a
description of each can be found in appendix 1. Garratt's approach
uses the a-proton shifts as the major criterion for
stereochemical assignment and it is known that this can be
misleading.
Stereochemical Determination:
Isomer I a (a; Ar = CgH5)
The molecular ion peak (M) is at m/z 236, and the M + 2 peak
is 40.4% of the intensity of M, suggesting the presence of one
sulfur and one chlorine atom (M + 2 = ~ 37.0%). The 1 HNMR
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spectrum indicates the presence of two olefinic protons (8 6.18-
6.22 ppm, 1H, 8 6.31-6.38 ppm, 1H) which is characteristic of
norbornene compounds. The aromatic signals at 8 7.19-7.49 ppm
integrate to 6 protons while 5 protons are expected (this was
observed for isomers Ma and Ilia as well). This may be due to the
fact that the 1H NMR solvent is CDCI3 which could show CHCI3 at
~ 8 7.2 ppm. The signals at 8 1.71 and 8 1.89 ppm are coupled with
a J = 9.5 Hz. The large J value indicates geminal coupling and
thus the 81.71 and 81.89 ppm signals are assigned to the two
bridge protons. The triplets at 4.19 ppm and 3.09 ppm seem to be
coupled with J ~ 3.4 Hz, 3.0 Hz respectively. Since the cis-
substituted norbornene compound would have a vicinal coupling of
~ 7-8 Hz (according to the Karplus correlation41"43), the observed
J = ~ 3-4 Hz corresponds to a frans-disubstituted norbornene
compound. At this point the following two structures are
considered.
and
S-Ph
26
The bridgehead protons (H1 and H4) of trans- 5 -endo- 6 -
exo-dichloronorbornene44occur at 8 3.10 and 8 2.98 ppm
respectively. Therefore, the signals at 8 3.18 and 82.87 ppm are
assigned to protons (H1 and H4 respectively). This leaves one
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signal at ~ 8 1.25 ppm (1H) which is believed to be caused by an
impurity. If this were a water impurity, the signal would be
expected at ~ 81.50 ppm.
Zefirov et al.,40 prepared compounds 2 7 and 2 8 below and
and
S-Ar
Ar = o-N02C6H4
found for compound 2 7, H5 and Hg occur at 8 4.17 and 83.05 ppm
repectively. The Hg. andHg. protons of compound 2 8 occur at
8 3.69 and 8 3.66 ppm respectively. The distorted triplets of
isomer I a occur at 8 4.19 and 83.09 ppm which clearly correlate
better with compound 2 7 than 2 8. Therefore, isomer I a i s
confidently believed to be the endo -chloro/exo -SPh substitued
norbornene compound, 2 5:
25
H84.19 ppm
"^Cl
^S-Ph
H 8 3.09 ppm
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It should be noted that the bridgehead protons of structure
2 7 have been assigned to signals at 5 3.27 ppm. This is not
consistent with our assignments.
The proposed structure for isomer I a is supported by the
major peaks of the mass spectrum. The peaks at m/z = 66, 135,
and 170 are a result of retro-Diels-Alder fragmentation shown
below.
Scheme IX
H
'->
m/z =
~^3r
CI
S-Ph
25
H
236 (9.95%)
= 170 (100%)
Ph-S
m/z = 135 (80.7%)
, +
loss of (Ph-S)CHCH(CI)
m/z = 66 (16.8%)
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The fragments with heteroatoms were confirmed by looking
at the % of the fragment + 2 peaks (i.e., m/z = 172 is 38.5% of
m/z = 170 indicating one sulfur and one chlorine atom present in
that fragment).
Isomer 1 1 a:
The molecular ion peak (M) is at m/z 236, and the M + 2 peak
is 38.8% of the intensity of M, suggesting the presence of sulfur
and a chlorine atom. The 1 3C decoupled spectrum indicates the
presence of eleven different carbon atoms. Four of these signals
occur in the aromatic region which supports a monosubstituted
benzene ring, appropriately leaving seven non-aromatic carbons.
The absence of olefinic protons in the 1H NMR suggests that this
isomer is a nortricyclene compound.
The HETCOR shows the following 1H-13C connectivities.
Table 1 1 1 H -1 3C connectivities of isomer Ma as
determined by HETCOR (H/C COSY) spectroscopic
analysis.
81 3C (ppm) 81H (ppm)3 number of protons attached to carbon
64.76 3.99 1
50.08 3.92 1
41.93 2.12 1
29.21 1.99 &1.35-1.47 2
20.16 1.50-1.57 1
16.58 1.50-1.57 1
14.60 1.35-1.47 1
a-1 H chemical shifts correspond to the 1 H NMR spectrum. The
1 H signals in the
HETCOR spectrum are shifted - 0.23 ppm downfield of simple 1D spectrum.
b- Signal at < 1.5 ppm, attributed to an impurity, has not been tabulated.
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Zefirov et al.,40 rigorously established the configuration of
3 -endo -chloro-5-exo -(2,4-dinitrophenylthio)-nortricyclene on
the basis of single crystal X-ray studies. Their 13C NMR data
show that the carbon atom bearing the chlorine atom has a
chemical shift of 8 64.51 ppm while the carbon attached to the
-SAr (Ar = 2,4-(N02)2CgH3) 9rouP occurs at 8 48.48 ppm.
Returning to our HETCOR spectrum, the following assignments can
thus be made. The carbon at 8 64.76 ppm bears the CI atom, while
the carbon at 8 50.08 ppm is attached to the SPh group in 1 1 a (1 9,
Ar = C6H5). This means that the proton at 8 3.99 is a to the
chlorine atom and the proton at 8 3.92 is a to the -SPh group. It
should be noted that one might expect a carbon bearing a
-SAr [Ar = 2,4-(N02)2CgH3] group to be further downfield than a
carbon attached to a SPh group due to the electron withdrawing
effect of the -N02 groups. Our small discrepancy might simply be
due to determinant errors in the 1 3C chemical shifts. One
important aspect of the 1 3C NMR comparisons is that a carbon
bearing a CI group is downfield from a carbon bearing a SAr group
(where Ar = 2,4-(N02)2CgH3). The chemical shifts used in
discussing the NOE difference spectrum are those from the
original 1D spectrum, rather than those listed on the NOE
spectrum. This was done because we found that the 1H signals in
the NOE difference spectrum are shifted ~ 0.23 ppm downfield of
simple 1D spectrum. The NOE indicates that irradiation of the
proton a to the chlorine atom (8 3.99 ppm) results in enhancement
of protons at 8 2.12 ppm (1H), 81.50-1.57 ppm (2H), and 81.35-
1.47 ppm (2H). Irradiation of the proton a to the -SPh group
(8 3.92 ppm) results in enhancement of the following protons; 8
7.05-7.39 ppm (6H), 82.12 ppm (1H), and 81.50-1.57 ppm (2H).
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At this point, the following structure is proposed:
S-Ph
2 6
and the following 1 H assignments can be made:
H3 = 8 3.99 ppm
H5 =8 3.92 ppm
H4 =52.12 ppm
h^ and H6 =61.50-1.57 ppm
Hja = 5 1.35-1.47 ppm
TheH2-Hg assignment is based on the fact that NOE
irradiation of each of H3 and H5 enhances the 51.50-1.57 ppm
signal. The enhancement due to H3 irradiation supports the H7a
assignment.
This leaves H1 and H7b. The doublet of triplets at 51.99 ppm
has the large geminal coupling J = 11.2 Hz and, therefore, must
be H7b (the large 11.2 Hz coupling is consistent with ^73.75).
The signal at 81.35-1.47 ppm integrates to two and is the result
of H7a and H1 . It is worth noting that the difference NOE
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spectrum is crucial for stereochemical conclusions; that is,
irradiation of proton H3 showed an enhancement of H7a indicating
that the chlorine group is endo. Irradiation of H5 showed no
enhancement of H7b indicating that the -SPh group occupies the
exo position. It should be noted that the empirically calculated
(Zefirov-Morrill procedure)29 chemical shifts for H3andH5of
structure 1 9 (isomer I l-type) show that H3 should be slightly
upfield of H5 (H3 = 8 3.85 .03 ppm, H5 = 8 3.90 .03 ppm).
Experimentally the reverse was found. However, this is not too
disturbing because of the closeness and the expected error of the
two signals. This shows that more advanced NMR techniques were
indeed needed to determine the stereochemistry of isomer lla.
The irradiation of both H3 and Hg enhanced the H4 signal
supporting those assignments just above. Irradiation of Hg
showed an enhancement of the aromatic protons which supports
the original assumption that this proton was on the more upfield
13C(8 50.08 ppm).
Finally, the DQF(HH)COSY supports our assignments by
showing the 1H-1H connectivities listed in Table III.
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Table 1 1 1 1 H H connectivities of isomer lla as
determined by HOMCOR (H/H COSY) spectroscopic
analysis.
specific proton protons that couple to specific proton
"3 H4 , H2
H5 H4 , Hg
H4 H3 , Hg , H7a , H7b , H2
&Hga
^b H1 &H7a
Ho & He H3 , Hg , H1 , H4
H1 &H7a F^ & Hg , H7b , H4
a- H4 connectivity to H2 and H6 suggests long range coupling and may be influenced
by the "rule of
W."31"33
It should be noted that the mass spectrometric
fragmentation patterns of isomer I a and 1 1 a do not differ greatly.
However, individual peak intensities do. For example, the base
peak of isomer I a is m/z = 170, followed by m/z 135 and m/z 66
peaks that are more than half of the intensity of the m/z = 91. In
the case of isomer 1 1 a, the base peak is m/z = 91 and the m/z
=
66, 135, and 170 peaks are all less than half of the intensity of
the m/z'- 91 peak. The fact that peaks of m/z = 66, 135, and 170
even exsist in a nortricylene compound are somewhat disturbing,
but could very well be due to the fact that some
of isomer 1 1 a
rearranges to the norbornene isomer I a in the mass spectrometer.
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Isomer Ilia :
The molecular ion peak (M) is at m/z 236, and the M + 2 peak
is 45.6% of the intensity of M. Even though this is somewhat
higher than expected, we still assume the presence of one sulfur
and one chlorine atom. The 1H NMR spectrum which is quite
strange indicates four different types of hydrogens in a ratio of
1:1:1:1 in the region of 81.90-4.2 ppm. The seemingly
"simple"
spectrum with
"missing" hydrogens (four aliphatic protons
instead of eight) could result from a highly symmetric moleclule.
A norbornene structure disubstituted in the seven position 27 i s
proposed. We here propose structure 2 7 to be no better than a
working hypothesis. This is not, however, of great concern as
isomer 1 1 1 type samples often occur as minor components and
thus conclusions about the major course of the mechanism of
addition of arenesulfenyl halides to quadricyclene can still be
drawn.
27
As mentioned above, Ilia has four different types of
hydrogens in a ratio of 1:1:1:1. A norbornene isomer would show
olefinic proton signals which are absent from the HNMR
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spectrum of our Ilia. If one assumes that the olefinic protons sit
in the shielding portion of the benzene ring, that is below the
plane of the ring, one would expect these protons to be shifted
upfield and might assign them to the distorted triplet at 8 4.11
ppm. Placing this shift this far upfield and observing the
multiplicity of the signal to be a triplet instead of a doublet (due
to olefinic proton-bridgehead proton coupling) are both
disturbing. Finally, the absence of H-|-H2 coupling of ~ 10 Hz
further discredits the proposed structure.
The mass spectrometric fragmentation resembles a
nortricyclene isomer: the intensities of the m/z = 66, 135 and
170 peaks are less than half of the m/z = 91 intensity. To satisfy
a symmetric nortricyclene compound we must assume the
environments about the chlorine atom and the SAr group are
approximately equal and the best we can do is stretch and suggest
compound 2 8.
S-Ph
28
This structure is quickly discredited due to the fact that it
has five different types of aliphatic protons in a ratio of 1:2:2:1:2
(H1 : H2 : H3 : H4 : Hg) and we do not find nearly that many signals.
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At this point, this product has not been completely characterized,
but will be referred to as "isomer Ilia" for the remaining
discussion. Isomeric character is assumed on the basis that it has
the same molecular weight as I a and 1 1 a. It is worth noting that
Zefirov et al.,28 mentioned a minor isomer that was never
isolated. We have collected isomer 1 1 la from different reactions
[runs (1), (2), and (4) on Table IV] and the
"simple" 1 H NMR has
resulted in every case.
Since our product composition is similar to Zefirov's, his
reaction pathway involving a corner-attached -SAr group
"intermediate"
seems reasonable. This "intermediate" has not
been isolated and seems to be a transition state according to the
results of reactions (6) and (7). If we assume that the Walsh
orbital model for the cyclopropane rings can be applied to
quadricyclene, we can propose:
.3
As the S-CI bond polarizes and leaves a vacant
sp05 lobe on
sulfur, the sulfur atom is attacked by the electron rich p orbital
of the cyclopropane ring. This results in cleavage of the reactive
cyclopropane bond from the "back
side"
and a corner-attached
-SAr group. In accordance with Zefirov's results, namely that the
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chloride is associated with the endo side, the formation of a
tight ion pair occurs.
This ion pair with the chloride ion endo to the charged
carbon atom, is consistent with the formation of the
nortricyclene isomer in which the chlorine group is bonded endo.
That is, a nortricyclene isomer in which the chlorine group is
exo is not formed as it requires extensive migration of the
chloride ion, an event that is very unlikely in a tight ion pair.
An alternative and less favored scheme is the following:
"bottom-side"
corner attack leading to an endo attached -SAr
group. In this type of intermediate, bridging is possible.
Repulsions between the chloride ion and the sp3 lobe of the sulfur
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containing two electrons block product formation. If we assume
that even with electrostatic repulsions, the endo sulfur attack
occurs to satisfy the product stereochemistry. Sulfur's ability to
bridge is limited by steric hinderance from chloride ion. The
interference from chloride ion might be removed in reactions run
in polar solvents and the AgBF4 reactions in which the ion was
taken out of solution. However, the reactions run in polar solvents
showed no evidence of a new isomer. The AgBF4 reactions showed
a new isomer, which may be an exo -chloro/endo-SAr
nortricyclene isomer, but it is formed only in small amounts. This
shows that even without nucleophilic chloride interference,
sulfur bridging is minor at best. In order for the p orbitals of the
cyclopropane system to effectively overlap with two
sp3 lobes of
sulfur, the cyclopropane system must be
"flexible" to accomodate
both sulfur sp3 lobes. In quadricyclene, the cyclopropane system
is no longer flexible due to the fused polycyclic system. It may be
the case that as the first p orbital is attacked, this
"rigid"
system is still unable to accomodate the second sp3 orbital of
sulfur. This may be due to ineffective overlap between the p
orbitals of the cyclopropane system and the two sp3 lobes of
sulfur.
It is unclear how the d orbitals of sulfur might complicate
the picture. It is also clear that molecular orbital calculations
would be useful.
Conclusions:
The addition of arenesulfenyl chlorides to quadricyclene
have been found to be rapid and exothermic yielding norbornene (I )
and nortricyclene isomers (I I). Both isomers have the endo -
chlorine/exo-SAr stereochemistry. A third unidentified isomer
has been detected by GC and GC-MS; it is a minor component in the
majority of reactions. The reactions show product ratios that are
absolute concentration independent, but they are dependent on the
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ratio of quadricyclene to benzenesulfenyl chloride (specifically
chloride ion concentration). Reaction (3) (Table IV) showed that
an excess of the former favors the norbornene isomer. However,
reaction (4) (Table IV) shows that a low chloride ion
concentration is not the sole cause. No straightforward
conclusions can be made about the product ratios' dependence on
chloride ion concentration because no consistent pattern is
observed. Low temperature reactions [(6) and (7)] (Table IV)
strongly indicate that isomer I I is the kinetically controlled
product. More importantly, reactions (6) and (7) suggest the
electrophilic addition of BSC to quadricyclene proceeds stepwise
through two intermediates (A and B) which are in equilibrium.
Solvents of varying polarity influenced the product ratio with the
least polar solvents favoring isomer I and the most polar
solvents favoring isomer I I. This is attributed to the electronic
demand of the charged carbon on the other cyclopropane system.
DMF gave a result that was inconsistent with the foregoing
pattern. Many of the different solvents tried resulted in
compounds 2 9 and 3 0, both with a molecular weight of 272, as
the major products. This seems to be due to a diadduct species
caused by addition of both benzenesulfenyl chloride and HCI to the
hydrocarbon. The reaction of benzenesulfenyl chloride with water
could be the HCI source. However, attempts to demonstrate this
were unsuccesful.
Due to the apparent absence of the exo -chloro/encfo-SAr
nortricyclene isomer, it was clear that sulfur did not appreciably
bridge. Attempts to promote bridging included increasing the
electron density of sulfur by using arenesulfenyl chlorides with
electron releasing groups in the para position. p-Toluenesulfenyl
chloride showed results similar to benzenesulfenyl chloride.
p-Methoxybenzenesulfenyl chloride apparently gave arenesulfenyl
chloride addition, and, likely due to impure arenesulfenyl
chloride, many other compounds were detected limiting the
validity of the results. Another attempt at bridging involved the
use of AgBF4. These reactions resulted in a new isomer. However,
its identity is unknown and it is a minor product, and again no
bridging results were observed.
An ion pair like intermediate is proposed in which the -SAr
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group is corner-attached. This corner-attached -SAr group can
result from
"backside"
attack on a Walsh "p" orbital of
cyclopropane relative to the carbon-carbon bond that is cleaved.
The stereochemistry of the products favors back-over front-side
attack on the same orbital, which may not occur because bridging
cannot be accomodated due to a limited flexibility of the
cyclopropane ring of quadricyclene.
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Appendix 1
30Advanced MP and 2D) NMR Techniques1
Correlated Spectroscopy (H H COSY) or Homonuclear Correlated
Spectroscopy (HOMCQR^
HOMCOR is a 2D NMR technique that is used to determine
1H-1H connectivities. The 1D 1H NMR spectrum appears along a
diagonal and the signals are depicted as contours which represent
peak intensities. The off-diagonal contours are referred to as
cross-peaks. Two contours/signals are coupled when they share
two common cross-peaks, one on each side of the diagonal and
equally displaced. Drawing a horizontal and vertical line from the
cross-peaks to the diagonal and observing which two contours are
linked is a useful technique. The 1 H NMR spectrum can be
projected along both axes and one determines which contour on
the diagonal corresponds to a given signal in the
1 H NMR spectrum
by drawing a horizontal or vertical line from the contour to the
axial
1 H NMR spectra and noting which signal is bisected.
Sometimes overlap along the diagonal of the 1D portion of the
COSY spectrum makes it difficult to make asignments. A double
quantum filtered COSY (DQFCOSY) reduces overlapping along the
diagonal as well as off-diagonal. This results in more cleanly
separated signals which are easier to assign.
Heteronuclear Chemical Shift Correlation (HETCOR)
HETCOR is a 2D NMR technique that is used to determine
1H-13C connectivities. By correlating the peaks of an H
spectrum with that of a
1 3C spectrum, the HETCOR spectrum aids
in determining which protons are connected to specific carbons.
The HETCOR spectrum has the
1 H spectrum along one axis and the
1 3C broad band-decoupled spectrum of the same compound along
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the other. The 1H-13C connectivities are determined by drawing
mutually perpendicular horizontal and vertical lines from a
crosspeak contour and noting which
1 3C signal and proton peaks
are connected.
Nuclear Overhauser Effect (NOE) Difference Spectrum
NOE difference spectrum is a 1D NMR technique that is used
to determine through-space 1H-1H proximity. Irradiation of a
proton results in enhancement of the signal of a nearby nonbonded
proton(s) through space over a distance of up to 4 A. The intensity
of enhancement decreases as the inverse of the sixth power of
the distance through-space between the
1 H nuclei. An NOE
difference spectrum is obtained by subtracting a conventional H
spectrum from a specific proton-irradiated H spectrum. The
result is only enhanced peaks are seen and one concludes that the
proton(s) that cause the most enhanced peak(s) are in closest
proximity to the irradiated proton (which is seen as an inverse
peak).
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